Fusarium species are reported frequently as the most common causative agents of fungal keratitis in tropical countries such as India. Sixty-five fusaria isolated from patients were subjected to multilocus DNA sequencing to characterize the spectrum of the species associated with keratitis infections in India. Susceptibilities of these fusaria to ten antifungals were determined in vitro by the broth microdilution method. An impressive phylogenetic diversity of fusaria was reflected in susceptibilities differing at species level. Typing results revealed that the isolates were distributed among species in the species complexes C The
Introduction
Diseases affecting the cornea are a major cause of blindness worldwide and comprise a large variety of infectious and inflammatory eye diseases. 1 In tropical southern India, which locally has wet or dry climatic conditions and is semi-arid in certain regions, the majority of the people are engaged in agriculture. This profession carries a risk for corneal fungal infection from plant associated sources. Species of Fusarium are commonly occurring environmental fungi that potentially cause eye infections in humans, with keratitis being one of the most frequent clinical manifestations. 2, 3, 4, 5 Historically, the genus Fusarium has developed into a large genus with multiple species complexes, some of which can cause opportunistic infections in humans. Especially members of the Fusarium solani, F. oxysporum, F. fujikuroi, F. dimerum, F. chlamydosporum, and F. incarnatum-equiseti species complexes have been involved in human and animal infections. 6, 7 In 2013, Geiser 8 and many coauthors from clinical and phytopathological backgrounds have launched a plea for nomenclatural stability and the preservation of the name Fusarium for the clinically relevant species complexes. However, recently Lombard et al. 9 moved F. solani to the genus Neocosmospora, while the F. dimerum species complex was transferred to the new genus Bisifusarium. A counterproposal for Fusicolla as genus name for the F. solani complex is in preparation. To preserve the nomenclature stability, we adhere in this paper to Fusarium as best known descriptor for the etiological agents observed in the study. Although culture techniques remain the cornerstone for the diagnosis of most cases of fungal keratitis, 2 misdiagnosis or lack of advanced investigative tools to accurately identify the causal agents may potentially lead an ophthalmologist to initiate inappropriate antifungal therapy. 10 In this context, it is becoming increasingly evident that efficient therapy of keratitis relies on precise identification of the fungal pathogens to the species level using advanced and reliable molecular methods. Furthermore, treatment is limited by the restricted number of prescribed antifungals for specific ophthalmic use and especially local (un)availability of the compounds themselves. Conventional treatment varies per country and depends on obtainability and registration of antifungal drugs. In India, Fusarium keratomycosis is often treated with topical natamycin, while for instance in the Netherlands natamycin is restricted for use as food preservative and hence amphotericin B and voriconazole are the drugs of choice there. Antifungal susceptibilities of the different Fusarium SCs vary, and fusaria show remarkable resistance to most clinically applied antifungal drugs. 11, 12, 13 Therefore, the present study was undertaken with the following objectives: (i) to determine the species complex level of Fusarium isolates from human keratomycosis (South India) based on the partial sequences of the second-largest subunit of RNA polymerase II (RPB2) and translation elongation factor 1 α (TEF1); and (ii) to determine the in vitro susceptibilities of Fusarium isolates to ten commonly used antifungals.
Materials and methods

Isolates
A total of 1628 corneal scrapings of human keratomycosis patients attending Aravind Eye Hospital and Postgraduate Institute of Ophthalmology (Coimbatore, Tamilnadu, India) during the years 2012 and 2013 were processed for isolation of the causative agent as described before. 14 Initial identification of Fusarium isolates was based on colony morphology on potato dextrose agar (PDA -250 g of potato slices, 15 g agar, 10 g dextrose, and 1000 ml distilled water) plates and microscopic feature in a lactophenol wet mount preparation. 15 Isolates that grew after subculturing twice on PDA were deposited in the reference collection of the CBS-KNAW Fungal Biodiversity Centre in Utrecht, The Netherlands.
DNA extraction
DNA extraction was performed using glass beads (Sigma G9143, Sigma-Aldrich Co, Missouri, USA) according to the protocol described by Al-Hatmi et al. 16 
DNA amplification and sequencing
Two gene regions were amplified directly from the extracted genomic DNA for multilocus sequencing. The primer pairs for TEF1 and RNA polymerase II were EF1 and EF2 17 and RPB2-7cR and RPB2 -5F, respectively.
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Polymerase chain reaction (PCR) products were visualized and checked by electrophoresis on a 1% (w/v) agarose gel. 
Results
Identification of Fusarium isolates and phylogeny
Of 1628 specimens, a total of 624 (38.3%) were culture positive for different microbial pathogens and 417 (66.8% of 624) keratitis cases were found to be caused by fungal isolates, out of which 196 isolates (47% of 417) were confirmed as Fusarium spp. A total of 65 Fusarium isolates were chosen for further analyses. Upon molecular identification based on TEF1 and RPB2 partial genes analysis, the majority of Fusarium isolates were found to be members of FSSC: F. falciforme (n = 45) followed by F. keratoplasticum (n = 8), and F. lichenicola (n = 1). We also identified members of other species complexes: F. oxysporum (n = 1) in FOSC, F. nygamai (n = 1) and F. sacchari (n = 2) in FFSC, as well as F. delphinoides (n = 6) and F. dimerum (n = 1) in FDSC.
In order to obtain understanding of the phylogenetic positions of species found in this study, they were compared to reference sequences from the GenBank and CBS databases (n = 9). A phylogenetic tree ( Fig. 1 ) was constructed with a total of 74 sequences for two genes, with F. dimerum (synonym Bisifusarium dimerum) as outgroup as other studies confirm this group as the most basal lineage. 8 The combined phylogenetic analysis of TEF1 and RPB2 (1215-bp alignment) of 74 strains could be aligned confidently over the entire genus Fusarium. The tree topologies of these two loci appeared to be strictly concordant and effective for genotyping all species concerned. The generated tree separated into four clades. Clade 1 included all members of FSSC, clade 2 represented FOSC, clade 3 the FFSC, while clade 4 the FDSC. The final result of the identification process was that 54 isolates were confirmed as members of FSSC, one isolate belonged to FOSC, three isolates to FFSC and seven to FDSC.
Antifungal susceptibility
Ten polyene and azole antifungal compounds used before to treat keratomycoses were tested in our study: Polyenes AMB and NTM are both commonly used to treat fungal keratitis, while NYT is somewhat less potent and hence less commonly used clinically. AMB is used both for treatment of yeasts and filamentous fungi, while NTM proves to have a broader spectrum against filamentous fungi and has a better penetration of the intact corneal epithelium. The other studied antifungal drugs are all azoles. List of the 65 isolates examined in this study including their Genbank accession numbers, CBS number and others. FDSC or Fusarium dimerum species complex corresponds to the genus Bisifusarium, while FSSC or Fusarium solani species complex corresponds to Neocosmospora according to Lombard et al. 9 As outgroup the FDSC group has been used including the epitype (ET) strain of F. dimerum. CBS 108944.
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of AMB. For FFSC isolates, 4 μg ml −1 of CLZ followed by AMB and VRZ was found to be effective. Most of the FDSC members were inhibited at 4 μg ml −1 of CLZ (n = 5) and 8 μg ml −1 of NYT (n = 6) ( Nearly half of the isolates were susceptible to concentrations ≤ 4 μg ml −1 of ECZ (53%), and MCZ (43%), while lesser number of isolates showed susceptibility to similar levels of KTZ (29%), ITZ (13%) and NTM (1.5%).
Discussion
Fungal keratitis occurs more frequently in dry and warm environments, especially people with outdoor professions, such as agricultural workers are prone to this infection. 23 In India, Fusarium 24 and Aspergillus 25 species are reported to be the most common causative agents of fungal keratitis. In this study, Fusarium species obtained after processing corneal scrapings from human keratomycosis cases were investigated. Molecular identification was performed for 65 clinical Fusarium isolates using TEF1 and RPB2. Both genes possessed enough polymorphism to serve as excellent markers with 99-100% accuracy for identification of Fusarium at the species level with sequences deposited in GenBank, the Fusarium-ID and the Fusarium MLST databases. The largest part of the identified strains (n = 54) proved to belong to FFSC. Of these, 45 were identified as F. falciforme and 8 as F. keratoplasticum, suggesting a significant pathogenic potential of these species and/or a common prevalence in the environment. 26, 27 As shown by the molecular analysis of combined sequence data of TEF1 regions and RPB2 (Fig. 1) , F. lichenicola formed a distinct group. This species was first described as Cylindrocarpon but using phylogenetic data, Summerbell and Schroers 28 showed a relationship with F. keratoplasticum and F. falciforme (separated at 94% bootstrap support). Support values above 75% were found between other species in Fusarium. The present study confirms the genetic diversity of clinical strains in the FSSC, as reported in earlier studies. 29, 30 In addition to the FSSC in our phylogenetic analysis, some strains were nested within known phylogenetic species of FOSC, FFSC, and FDSC. Homa et al. 24 reported similar distributions; most Fusarium isolates from human keratomycosis are proven to be members of FSSC (n = 53), while occasional isolates belonging to FDSC (n = 6), FFSC (n = 6), FOSC (n = 3), and F. incarnatum-equiseti SC (n = 2) were also encountered. Species delimitation within FOSC has been studied intensively by O'Donnell et al. 31 We observed only a single FOSC infection in our study, suggesting that these species occur only at low frequency in India. Seventy-three Fusarium species have been reported to cause human infection, 15 of which belonged to FFSC including F. temperatum and F. musae. 32 In this study we report two species belonging to the FFSC complex, F. nygamai and F. sacchari. According to Guarro et al. 6 three recognized members of FDSC viz., F. dimerum, F. penzigii, and F. delphinoides and two unnamed lineages are also involved in human infections: the current study yielded one isolate of F. dimerum and 6 of F. delphinoides belonging to FDSC. Antifungal susceptibilities of clinical isolates were analyzed and the results were comparable to those reported in the current literature. In the present study 82% of FSSC isolates were inhibited by ≤ 4 μg ml −1 of AMB followed by CLZ (78%) and VRZ (76%). ITZ was found to be the most ineffective antifungal agent, which corresponds with the findings of Homa et al. 24 , Xie et al. 33 , and Al-Hatmi et al. 12 . In contrast to our findings, O'Day et al. 34 stated that AMB was ineffective against Fusarium. Among the FSSC members, F. falciforme (n = 3) and F. keratoplasticum (n = 1) were inhibited at the lowest concentration of 0.5 μg ml −1 of AMB and one isolate of F. falciforme was inhibited at 0.5 μg ml −1 of VRZ. Of FOSC and FFSC, only one and three clinical isolates, respectively, were available in this study. Due to the small sample size and high variability of MIC data it was not possible to make an overall statement about the susceptibility profile of these three species. However, one isolate of F. sacchari had a MIC of 0.5 μg ml 
